—

el
ANL-6985

by

1 g.r.gnmlz JRational Laboratory

A CONVECTIVE-DIFFUSION STUDY OF
THE DISSOLUTION KINETICS

 OF 304 STAINLESS STEEL IN g B
' THE BISMUTH-TIN EUTECTIC ALLOY B

by

T. F. Kassner







ANL-6985

Chemistry (TID-4500)
AEC Research and
Development Report

ARGONNE NATIONAL LABORATORY
9700 South Cass Avenue
Argonne, Illinois 60439

A CONVECTIVE-DIFFUSION STUDY OF
THE DISSOLUTION KINE TICS
OF 304 STAINLESS STEEL IN

THE BISMUTH-TIN EUTECTIC ALLOY

by

T. F. Kassner

Metallurgy Division
Metallurgy Program 8.2.4

Portions of this material have appeared in
ANL-7000, pp. 133-134 (1964)

November 1965

Operated by The University of Chicago
under
Contract W-31-109-eng-38
with the
U. S. Atomic Energy Commission



e

1

i




ABSTRACT . .

INTRODUCTION

KINETICS OF DISSOLUTION

TABLE OF CONTENTS

CONVECTIVE DIFFUSION IN LIQUIDS. . . . . . .« o - o ccem e m e

ErePERINIENTATMETIHED SEEIERIES S S p i St ey s el

EUDSUILAN) o e

DISCUSSION .

SUNIMARY: AND CONE LUSTONS SR Sl e

APPENDIXES

A. Chemical Analysis for the 304 SS Sample Material . . .. ..

B. Chemical-analysis Data for the Dissolution Runs . . ... ..

C. Equilibrium-solubility Data for 304 SS in the Bi-42w/OSn
Futectic Alloy-s 4. s e i SR S e e

N ERNOW LEDGMEN & oo i e S s R e e R

REFERENCES

19

20

24

28

29

30

39

40

41



10.

512

12

LIST OF FIGURES
Title

Schematic Representation of Flow Lines near the Surface of a

Rotating DISC. « o v v v v v e v o o o o s o o s o s w0 ae s es e e e e
Graph of the Functions F(£), G(€), and -H(E) . . ... ........
Schematic Diagram of the Dissolution Apparatus . . .. .. .. ..

Temperature Dependence of the Solubility of Iron from 304 SS
in‘the Bismuth-Tin Futectic Alloy . ."o . .0 oo i, e R

Temperature Dependence of the Solubility of Chromium from
304 SS in the Bismuth-"Tin Butectic Alloy i oioiio. i nin i e

Temperature Dependence of the Solubility of Nickel from
3041SS ' in the Bisrmuth= Thint Butectich Alloy i i s S e

Temperature Dependence of the Solubility of Manganese from
304 SS in the Bismuth-Tin Eutectic Alloy ¢« - « o 2: 2 a0 ool .

Temperature Dependence of the Solubility of 304 SS in the
Bismuth=HntEutectcPAll oV N e e e

The Effect of Rotational Speed of the Disc on the Maximum
Bisselntion Bluxiof Iron from 304 SSTat 86026€ .0 v S s

The Effect of Rotational Speed of the Disc on the Maximum
DissolutiontEluxio 04155 a7t 86 08 E I

The Temperature Dependence of the Maximum Dissolution
Il uzclot TR n A T O o s I o

The Temperature Dependence of the Maximum Dissolution
Flux of 304 SS at 10.0 rpm

Micrographs of the Cross Section and Surface of a Disc Sam-
ple at the Conclusion of a 150-hr Dissolution Run at 860°C. . . .

10
11
119

21

211

21

21

22

23

23

24

24

217



100

T

TiVae

LIST OF TABLES

Title

Values of the Integral I(D/'u) for a Range of Schmidt Numbers
between 4 and 1000

Values for the Hydrodynamic and Convective-diffusion
Boundary Layers Produced by a 5.08-cm-diam Disc Rotating
in the Bismuth-Tin Eutectic Alloy at 860°C. . . .

Viscosity Data for the Bismuth-Tin FEutectic Alloy . . . - . - . .-

Slopes of the Initial Portion of the Concentration-vs-Time
Curves for Iron and the Maximum Flux of Iron, Jm(Fe), from
304 SS into the Bismuth-Tin Eutectic Alloy with 60% Confi-
dence Limits

Page

16

18

18

23



o TR
“egedioud shuniad (6 sqasAE J0i fé¢

73 GO JTYRRY § e PR LT
STTLG S T Ry
S B ¢ Fo O I

..J‘J-'lr sl

s gollf ortoah

N -
i 'I"‘«.nrv-;m*}—"m‘)"". it goivia S
(g uhpgele iy sh 25 i
:34:@ BEG W coakds o o




A CONVECTIVE-DIFFUSION STUDY OF
THE DISSOLUTION KINETICS
OF 304 STAINLESS STEEL IN
THE BISMUTH-TIN EUTECTIC ALLOY

by

T. F. Kassner

ABSTRACT

The kinetics of dissolution of Type 304 stainless steel
in the bismuth—42w/o tin eutectic alloy have been investigated
under the well-defined hydrodynamic conditions produced by
the rotating-disc sample geometry. The experiments were
carried out in the temperature interval of 200 to 1100°C at
rotational speeds between 2 and 150 rpm. A convective-
diffusion model was used to interpret the experimental data.
The dissolution process was found to be liquid-diffusion con-
trolled under specific conditions of temperature and Reynolds
number.

INTRODUCTION

The use of liquid metals in nuclear reactor designs as heat-transfer
fluids, as fuel dispersants, and as fusible sealants in certain reactors has
necessitated the investigation of numerous problems of corrosion and mass
transport inherent in liquid-metal systems. Most of the experimental work
in the area of liquid-metal corrosion is undertaken with the immediate ob-
jective of finding the most suitable container or fuel cladding material.
Static capsule tests and dynamic tests involving both thermal-convection
and forced-circulation loops have become almost universal standards for
determining the relative corrosion behavior of materials. In comparison,
relatively little has been done to investigate the basic mechanisms by which
corrosion takes place. The result of the wide imbalance in effort between
fundamental studies and engineering tests has been to reduce the effective-
ness of the engineering tests from the standpoint of being able to extrapolate
the data with confidence to reactor systems having varying environmental
conditions. The present investigation was undertaken with the following
objectives: 1) to investigate a liquid-metal corrosion process in a manner
permitting a quantitative treatment of mass transport; 2) to evaluate the
potential corrosion problem of Type 304 stainless steel used as the con-
tainment material for the low-melting, bismuth-tin eutectic alloy in the

EBR-II reactor seal.



KINETICS OF DISSOLUTION

The theoretical basis for the kinetics of dissolution of solids in
liquids has been formulated from numerous studies of the solution of inor-
ganic and organic salts in water and in nonaqueous solvents. Bircumshaw
and Riddiford! have reviewed much of this work. Dissolution data for solid
metals in liquid metals have also been interpreted in terms of the general
framework developed for the aqueous sysf:ems.z‘5

The overall dissolution rate of a solid in a liquid is determined by
the relative magnitudes of the rate at which atoms pass from the solid sur-
face into the liquid layer immediately adjacent to the solid, and the rate at
which the atoms diffuse from the liquid layer into the bulk of the liquid
bath.

The Nernst-Brunner equation,6 which defines the rate of flow of
atoms across an area A into a volume V*, can be written as

dC KA
= i =giCL-C) (1)

where Cgq is the saturation concentration of solute in the liquid phase and
C is the concentration at any time, t. The proportionality constant K is the
solution rate constant for the dissolution process and can be written as

_ kkg  kg(D/sy)
ST NtE (BN b

where kg is the rate constant for the passage of solute atoms into the dif-
fusion layer, and kq = D/éN is the rate constant for the diffusion of solute
atoms across the boundary layer 6. When diffusion in the liquid is rate-
controlling, K = D/éN; when passage of solute atoms into the liquid is
rate-controlling, K = kq.

Nernst and Brunner originally postulated that interfacial reactions
are fast enough to cause the overall reaction rate to be limited by the rate
at which reactants can diffuse across an effectively stagnant film of thick-
ness &y Three important implications of this postulate, which can be seen
from Equation (1), are: (1) the reaction kinetics should be first-order with
respect to the bulk reactant concentration; (2) the temperature dependence
of the observed reaction rate should be characteristic of a molecular diffu-
sion process, and not that of a chemical reaction; and (3) the reaction rate
should be influenced by stirring conditions through changes in the effec-
tive diffusion film, dy.



The Nernst-Brunner theory, when first proposed, was viewed as a
general theory for heterogeneous reactions. In subsequent years, the
theory encountered considerable criticism because it was found that disso-
lution in many systems was not influenced by hydrodynamic factors. Criti-
cism was also directed at the oversimplification of the " stagnant-layer"
concept and the fact that no means of calculating the effective diffusion
layer was proposed. With regard to the first criticism, the theory was
eventually recognized to be the limiting case for liquid—diffusion-controlled
dissolution rates. The diffusion-controlled consequences of the theory have
since been placed upon firm theoretical ground by Levich.””® The quantita-
tive treatment for mass transport in liquid is developed in the following sec-
tion for the rotating-disc sample configuration used in this study.

CONVECTIVE DIFFUSION IN LIQUIDS

Two mechanisms are involved in the transport of a solute by a mov-
ing liquid. First, molecular diffusion results from concentration differences
in the liquid; second, solute particles are entrained by the moving liquid
and transported with it. The combination of these two processes is called
convective diffusion of the solute in the liquid.

When a reaction involving the solute takes place at a solid-liquid
interface, the concentration of solute in the liquid phase may vary from
point to point in the liquid as a function of time. The differential equation
that is satisfied by the function C(x,y,z,t) in a moving liquid can be
written as

JTotal = J Diffusion + J Convection

Unitiatnil = =2 grad C + CV. (3)

The first term on the right represents the diffusional flux of solute
under a concentration gradient, and the second term gives the additional
flux of solute that is entrained by the flowing stream. Application of the
continuity equation

%(;: i (4)

to Equation (3), along with the assumptions that D, the solute diffusivity, is
independent of composition and that the liquid is an incompressible fluid,
yields the following general equation for convective diffusion of a solute in
the liquid:

%f— = DVEC Vigradi€: (5)
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In the cylindrical-coordinate system, Equation (5) becomes

@E:D[azc azc+la—c+izach-[v oc , ¥ ac .y ac].
r9n. or

St Nt a2 397 * 3w oz Yoan
(6)

The first group of terms on the right represents the unsteady-state diffu-
sion of solute (Fick's Second Law). The other terms take into account the
effect of fluid motion on the distribution of solute in the liquid phase. The
factors V., Vg, and Vy are the velocity compo-
nents of fluid flow in the radial, tangential, and
axial directions, respectively, and are a function
:’ w of position within the system.

A mathematical solution to Equation (6)
can be obtained by specifying a sufficient number
of boundary and initial conditions if the velocity
functions Vg, V¢’ and Vy are known. The bound-
ary and initial conditions depend upon the nature
of the physiochemical processes in which the
solute takes part. The velocity functions are de-
pendent upon the geometrical configuration of the

system in which the processes occur and the
physical properties of the liquid phase.
Unfortunately, there are very few flow
systems in which the velocity distributions through
the main body of the fluid are known. Cochran’

and von Karman,'® however, have been able to
solve the Navier-Stokes hydrodynamic equations
for the geometrical configuration of a thin disc

rotating in a large volume of liquid to yield the
desired velocity distributions.

A qualitative picture of fluid flow in a ro-
tating disc system is shown in Fig. 1. Far from
the disc, the fluid moves toward the disc, and in
the thin layer immediately adjacent to the disc
surface, the fluid acquires a rotating motion. The
angular velocity of the fluid increases as the sur-
face of the disc is approached, until the angular

Fig. 1. Schematic Representation velocity of the rotating disc is attained. The fluid
of Flow Lines near the also acquires a radial velocity under the influence
Surface of a Rotating Disc  of the centrifugal force.



Cochran's? solution to the Navier-Stokes and continuity equations in
cylindrical coordinates has the following form:

Ve = roF(E), Vp = roG(E), Vy = (va)'’?H(E).
The independent variable, £, is defined as

£ = (@/v)"y, (7)
where o is the angular velocity of the disc in rad/sec, r is the radius of
the disc in cm, y is the axial distance from the disc in cm, and v is the

kinematic viscosity of the liquid in cm?/sec. The functions F(£), G(€),
and H(£) taken from Cochran's paper are shown in Fig. 2.
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The analytical expressions that represent the functions in Fig. 2
are given below for both large [Equations (8) to (10)] and small [Equa-
tions (11) to (13)] values of the distance coordinate, E.

For large values of E,

2 2 2, m2) _
-af A°+B ezoc!‘—;+A(A+B)esoL&+“

F(€) = Ae o8 e 2 (8)

ale) = 875 - ?i%gi) S (9)
and

H(E) = -a+ il Lo el s e (10)

a 202

11
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For small values of €,

F(g) = ag -+e2-Lbe+ .., (11)

G(E) = 1 +bt ++at®+..., (12)
and

H(E) = -at?+ L 63+ 2 bgt+ L b%ES+ ... (13)

The values of the constants in Equations (8) to (13) were obtained from
Cochran’ and Sparrow and Gregg!! and are as follows:

A = 0.934, BE=N12 087 a = 0.88447, a = 0.51023,

and b = -0.616.

The velocity component, Vy, in the direction perpendicular to the
surface of the disc is of particular interest and is evaluated by using the
appropriate constants for both large and small values of €.

" For large values of €, y - o,

Ty = —a(vw)/? = -0.88447(vw)'/2. (14)

For small values of £,  y<<(v/w)'?,

Vy = -a€i(va)? + L E3va)/? + Loet(va)'/?,
or
3, 1/2 2
[€5) =
vy = -0.510(7) vZ + 0.333(%-);;3 - 0.103w%/2y" 3244, (15)

Only the first term in Equation (10) was used to obtain Vy in Equation (14)
for large values of €,

A definition of the hydrodynamic boundary layer can also be obtained
from Equation (7) and the curves shown in Fig. 2. The hydrodynamic bound-
ary layer is the thickness of the region across which the principal change in
velocity occurs. Since the curves in Fig. 2 are continuous functions of dis-
tance, the definition of the boundary-layer thickness is somewhat arbitrary,
Figure 2 indicates that the principal change in the velocity components
occurs when € increases from 0 to a value around 3.5. If one chooses a £
value of 3.6, the velocity component Vy, curve H(£), has reached 80% of its



limiting value. The tangential component V¢, curve G(€), is 6% of the value
at the surface of the disc, or has undergone a 94% change. For values of £
greater than 3.6, the values of the velocity components change gradually.
Thus, if a value of 3.6 is used for £ in Equation (7), the hydrodynamic
boundary layer becomes

B b= 360/ ) (16)

The boundary and initial conditions for a thin disc undergoing dis-
solution in a large volume of liquid are as follows:

C(y,t) = Cgasy = o, (17)

C(y,t) = Cgpay 2ty = 0, (18)
and

oC T 4

= (y,t) = 0 for t = 0. (19)

Csat. and CB are the equilibrium solubility and initial solute concentration,
respectively, for the individual solute species in the liquid.

The boundary conditions set forth in Equations (17) and (18) are
those of a unidimensional transport problem. Axial symmetry is assumed,
8C/B¢) = 0, and the solute concentration is taken to be independent of radial
position; i.e., BC/Br = 0. These assumptions, plus the initial condition in
Equation (19), reduce the convective diffusion equation to the following form:

2
. 2 sniate

T 3y g{ (20)

Equation (20) can be integrated twice, and the constants of integra-
tion can be evaluated from the boundary conditions. The first integration
of Equation (20) gives

ac L
E = & exp|;3[ Vy(z) dz:l. (21)

Integrating again, we obtain

VY t
C = alf expl:%f Vy(z) dz]dt + a,. (22)
0 0

By applying the boundary condition in Equation (18), C = Cgat, aty = 0, the
constant a, becomes Cga¢ -

13
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The constant a, can be determined from the boundary condition in
Equation (17), C = Cg as y = «». Equation (22) can be written as

o t
]
Cp - Caat, - alf exp —D/ Vy(z) dz:l dt. (23)
) 0

The integral can be evaluated by the following procedure. The integral is
first divided into two regions; fromy = 0 toy = 8y, and from y = toy = w.
The values for the functions Vy(z) for the two regions, defined by Equa-
tions (15) and (14), respectively, have been substituted into the respective
integrals. The result is

oh 1 t 3 1/2 2
Gy 2 Gy, & a.f exp Bf -0.510(2) 22+ 0.333(2 ) 2% - 010305217 >22% | da - dt
& v
0 0

o t
+a, / exp|:51 / —0,89(1/03)1/2 dz} (Gl i, (24)
oh 0

By integrating Equation (24) with respect to z, we obtain

D

+a1/ exp{—-obﬁ (vm)l/zt} dt. (25)
Y

The two integrals in Equation (25) are evaluated separately. The first inte-
gral can be simplified by making the following substitutions.

N 3,172
0.17(w 0.0833 (w?
Griie alf expl:—T<7) e +————(‘”7)t4 - 0‘0206m5/2v‘3/2t5:'dt
0

When X? = (0.17/D)(w?/v)"/?>, then t = (1.805w"/21/6D1/3) X and the
first integral can be rewritten as

Xy 1
_ /3 2/3
1. BB ‘/2v1/6D‘/3f exp ’:-X3+O.885(%) x4 0.394(2) ‘ xs] dax.
8 v

The new limit of integration, Xy, is evaluated as

th
1.805w-1/21/6p1/3”

Xy =

where



or
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Xy = 1.9944(%)1/3,

The second integral in Equation (25) can be integrated directly to give

_ a;D A5 _0.89(1/(1))'/2 .
0.89(vw)'”? B D

00

)

oh

and when the value of &p is inserted for the lower limit, we get

alD

o sswa s OF [—3.11(%)]_

Equation (25) can now be rewritten as

1.9944(

- D 1/3 2/3

Cha = gy = LI 1/2v1/6D‘/3/ exp [-x%o.ess(—?—) X4-0.394(%-) xs]dx
0

+ 1.124a,(vaw)” /2D exp [-3.11(%)}, (26)

and the constant a; becomes

CB - Cgsat.

-1/2. 1/61y1/3 (P_ -1/2 L e
1.8050" /211/¢D Iv)+l.124D(vw) exp[3.ll(D)

a; =

where the integral in Equation (26) is represented by I(D/v)-

Numerical values for the integral in Equation (26) have been obtained

for a series of values for D/v between 0.001 and 0.25 by the use of digital-
computer methods. Gregory and Riddiford!'? have computed I(D/v) graphi-
cally by using the X3 and X% terms for several values of D/v in the range

0 to 0.004. This range is applicable to aqueous solutions near ambient tem-
peratures. Since D/v values as large as 0.25 cm can be encountered in
liquid-metal systems at high temperatures, the integral was evaluated over
the entire range by using three terms. The results are shown in Table I
Gregory and Riddiford have shown that when D/v = o=, I(D/y) is 3% less
than the value at Ijg) used by Levich.” Table I shows that when D/v = 0.1,

a value applicable in this work, I(D/v

) is 16% less than the value obtained

with the approximation D/y =



TABLE I. Values of the Integral I D/v) for a Range of
Schmidt Numbers between 4 and 1000

(Schmidt No.)™!, Integration Limit, Value of the Integral,
D/v 1.9944(v/D)Y/3 I(D/v)
0 o 0.8934
0.001 19.944 0.9209
0.002 15.830 0.9286
0.003 13.828 0.9341
0.004 12.564 0.9385
0.005 11.663 0.9424
0.006 10.976 0.9457
0.007 10.426 0.9487
0.008 9.972 0.9515
0.009 9.588 0.9541
0.010 9.257 0.9564
0.020 7.347 0.9747
0.030 6.419 0.9877
0.040 5.832 0.9981
0.050 5.414 1.0068
0.060 5.094 1.0143
0.070 4.839 1.0209
0.080 4.629 1.0268
0.090 4.450 1.0321
0.100 4.297 1.0368
0.110 4.162 1.0412
0.120 4.043 1.0451
0.130 3.937 1.0488
0.140 3.841 1.0521
0.150 3.754 1.0552
0.160 3.674 1.0580
0.180 3.532 1.0631
0.200 3.410 1.0675
0.250 3.166 1.0762




The value of the constant a, can now be substituted into Equa-
tion (22) to give the concentration distribution of solute near the surface
of the disc, as follows:

y 1 [t
exp | Vy(z) dz | dt
C - Cgat. . 0 0

Cp - Csat.  1.8050/2M/6D!/3(p /i)y + 1.124D(vw) ™2 exp [-3.11(%)]

A (20)

To obtain the mass flux of material away from the surface of the disc,
Equation (27) is first differentiated with respect to y and evaluated at

y = 0. The value of Vy(z) for the region y = 0 to y = 0h is substituted into
the equation before the integral is evaluated. The result is

/2
0.17 fw®\'"2 , | 0.0833 /w?\ , s 5]
3¢ (CB - Csat.) exp[— D (-1/-) y + ) (v)y -0.0206wW vV "y
S v
oy 1.805w™/2u1/eD!3p /) + 1.124D(vw)~ 172 exp[—3.ll(—D‘)]
(28)
dC . CB - Csat.
dy Jy=o -1/21/6pl/3 -1/2 i
Y 18050 Ml B AL Loy 1.124D(vw) exp[-3.ll(D)]
The above result, when substituted into Fick's First Law,
ac>
J = Sl ,
m Sy o5
gives the mass flux of material away from the disc:
D(Cgat. - CB)
Tm = 2 (29)

1.805 " 1/2v1/6D1/31(D/1,) +1.124D(vw)" % exp [.3. 1 1(—7]’3—)]

The convective diffusion boundary layer Op is defined by the denominator
of Equation (29),

6p = 1.805w™Y2u/6DY3p /) + 1.124D(vaw)~ /2 exp[:-3.ll<%)]. (30)

The equations developed above for the mass transport of a solute
away from a rotating-disc sample apply only to laminar flow. The region
of laminar flow for a polished and dynamically balanced disc extends to
Reynolds numbers of the order of 105, where the Reynolds number is de-
fined as

17
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g il (31)

The lower limit of the Reynolds number is determined by the relative
magnitudes of the hydrodynamic boundary layer and the radius of the disc.
At low rotational speeds, the hydrodynamic boundary layer approaches the
radius of the disc in size; however, a rotational speed that produces a
hydrodynamic boundary layer of about one-tenth the radius of the disc is
more commonly used as a lower limit.

Values for the hydrodynamic and convective-diffusion boundary
layers as a function of rotational speed of a 5.08-cm-diam disc in the
bismuth-tin eutectic liquid at 860°C are shown in Table II. A credible
solute diffusivity of 1 x 107* cmz/sec was used, along with a kinematic
viscosity value of 10.25 x 107* cmz/sec extrapolated from Sauerwald and
Toppler's!® data in Table III, to obtain the values for the convective-
diffusion boundary layer. For the above values of D and v, D/v is 0.10,
and I(D V) from Table I is 1.0368. Table II also gives the range of rota-
tional speeds (2 to 150 rpm) applicable to the rotating disc-bismuth-tin
system at 860°C.

TABLE II. Values for the Hydrodynamic and Convective-diffusion

Boundary Layers Produced by a 5.08-cm-diam Disc Rotating in
Bismuth-Tin Eutectic Alloy at 860°C

Speed, w, Reynolds
rpm rad/sec w2 v/ 6h, cm 6p, cm* No.
151.6 15.89 3.99 0.646 x 1074 2.89 x 1072 0.694 x 1072 1.00 x 10°
150.0 15.70 3.96 0.653 x 107* 2.91 x 1072 0.700 =02 9.88 x 10*
100.0 10.48 3.24 0.979 x 10-* 3.56 x 1072 0.854 x 1072 6.59 x 10*
50.0 5.29 2.30 1.940 x 1074 5.01 x 10°*% 1 Z0B8xalnN2 333 x 10%
30.0 317 1.78 3,235 x 107* 6.48 x 1072 1.555 x 1072 2.00 x 10*
10.0 1.048 1.025 9.790 x 107* 1125072 2.699 x 1072 6.59 x 10°
5.0 0.529 0.727 19.40 x 107* 15.85 x 1072 3.807 x 1072 Sy58) 52 T
2.0 0.2095 0.458 49.00 x 107* 25.20" = 1077 6.048 x 1072 1.32 x 10°

*A solute diffusivity of 1.0 x 10~* cmz/sec was used in the calculation of the convective-
diffusion boundary layer.

TABLE III. Viscosity Data for the Bismuth-Tin Eutectic Alloy!'?

Temp, Viscosity, Density, Viscosity,
2@ 7, poise g/cm3 v, sz/sec
751 0.00886 8.100 10.95 x 1074
750 0.00898 8.100 113005105
606 0.01014 8.245 12,30 x 10=*
599 0.01029 8.245 1247 = 10"
Eaks 0.01257 8.385 15.00 x 10°*
445 0.01267 8.385 15 NS 054
305 0.01690 8.520 19.85 x 107*

B 756 :
v = 5.30x 10 ‘*exp(TTK), vggooc = 10.25 x 1074 em?/sec
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EXPERIMENTAL METHOD

The Bi-42w/oSn eutectic alloy used in each run was prepared from
99.995% pure bismuth and tin by fusing desired weights of the two com-
ponents in a 7.0-cm-ID Pyrex crucible. The system in which the melt was
made was evacuated to a pressure of 1 x 10-® Torr and backfilled with
purified argon several times before melting the charge. The eutectic
liquid was held at 300°C under a dynamic vacuum of 1 x 10~% Torr for about
10 hr prior to solidification. The resulting ingot was reweighed and then

placed in a slightly larger-diameter Vycor crucible used in the dissolution
runs.

Type 304 stainless-steel discs 5.08 cm in diameter were machined
from 0.317-cm-thick plate. Chemical-analysis information for the 304 SS
material is given in Appendix A. After the discs were drilled and tapped to
accept the threaded support rod, the discs were abraded through Grade 600A

metallographic paper. The final polishing

was done on Linde B abrasive. A polished
e'ggfn‘pf:"rﬂgz disc was threaded into a support rod, and
g:?gzﬂrfmyufzgjsl'eDU" Seal E the region around the threads was fused with
E--Ball Valves (F =—#ARGONFLUSH @ Heliarc welder. The disc and supporting
222‘6;23,“@,35?;.2””"“"’ shafts were dynamically balanced in a lathe
:‘:g:’rei':g'e;?::;:”"‘m and then tested in the apparatus to insure
J--Fire Brick - that the disc ran true.
f::\ll)vizlcer—couling Coils

=, The apparatus in which the dissolu-
VACUUM g — tion runs were made is shown schematically
mjsH _“_ / in Fig. 3. While the system was heating to
T the desired temperature, the disc was po-
= I :\%g: sitioned 5 cm above the liquid bath. A

dissolution run was started by lowering the
: disc into the bath by means of a rotary,
o i _— =  push-pull, vacuum seal. The rotational
— == speed of the disc was set and maintained at
a constant speed by an electronically con-
trolled motor. The rotational speed was
controlled to +1% of the set value, and the
temperature of the bath was held to *1°C.
Vertical temperature profiles within the
liquid bath indicated a 5°C variation over
the length, the majority of which occurred
near the liquid-gas interface. A slight
positive pressure of purified argon was
maintained in the system during a dis-
solution run to suppress the loss of liquid

Fig. 3. Schematic Diagram of the metal from the crucible by vaporization
Dissolution Apparatus and condensation in colder parts of the
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system. Liquid-metal samples weighing from 4 to 5 g were obtained from
the bath at desired time intervals during the run by using Vycor sampling

tubes.

The samples were analyzed spectrographically for iron, chromium,
nickel, and manganese by the following method. The bismuth-tin samples
were drilled at several points along the length of the sample to minimize
any effects of segregation during solidification. A representative portion of
the drillings (~50 to 100 mg) were digested in 90:10 HC1-HNO;3 acid solution.
Aliquots of the solution were quantitatively pipetted onto the surface of
spectrographic electrodes. Silver electrodes were used in obtaining the
analysis results for iron, chromium, and nickel. Copper electrodes were
used in the manganese analyses to achieve a lower manganese background.

The samples were excited using an a.c. arc method. The line inten-
sities were determined with a densitometer and then compared with inten-
sities obtained from bismith-tin standard solutions prepared with known
amounts of the four elements. Duplicate analyses were performed on the
majority of the bismuth-tin samples submitted; the average values are re-
ported in Appendix B. The lower limits for the concentrations of iron,
chromium, and nickel were routinely 0.005 W/O, and the lower limit for
manganese was 0.0005 W/O. The reproducibility of the values was found to
be better than +10% of the amount present. Several samples with relatively
high concentrations of the four elements were submitted for wet chemical
analysis, and the results agreed within +3% of the values obtained by means
of the spectrographic method.

RESULTS

Concentration-versus-time plots were made for each component
undergoing dissolution from the 304 SS samples. The dissolution curves for
chromium, nickel, and manganese obtained at 650°C indicated that saturation
of the liquid bath with respect to these three components was not attained
during the first 100 hr. Since it was not practical to continue the dissolution
runs for times much longer than 100 hr, another apparatus was used to equil-
ibrate 304 SS with the eutectic alloy for times up to 500 hr. The liquid-metal
bath was sampled at several time intervals between 100 and 500 hr at 450,
650, and 860°C. An equilibration period of 190 hr was used at 985°C. The
chemical-analysis results for the samples obtained from the equilibrium
solubility run are tabulated in Appendix C. The solubility data for each of the
four components (iron, chromium, nickel, and manganese), in the presence of
the other three, are plotted as a function of reciprocal temperature fn Figs. 4
to 7, respectively. Least-squares equations for the concentrations as a func-
tion of temperature, and the overall heats of solution of each of the compo-
nents, are shown on the plots with 95% confidence limits. Three solubility
values listed in Appendix C for manganese at 450°C were included in the cal-
culations of the least-squares line in Fig. 7. The temperature dependence of
the solubility of 304 SS in the Bi-42w/oSn alloy in Fig. 8 was obtained by
summing the results shown in Figs. 4 to 7.
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The investigation of the effect of the rotational speed of the disc
was carried out at 860°C, a temperature at which the concentrations of
all of the elements could be determined at times greater than 0.5 hr. At
this temperature, dissolution runs were made at 2, 10, 30, 50, 100, and
150 rpm for times up to 150 hr.

Table II lists values for the hydrodynamic and convective-diffusion
boundary layers for each rotational speed. At 860°C, a rotational speed of
150 rpm for a 5.08-cm-diam disc in the bismuth-tin eutectic alloy corre-
sponds to a Reynolds number of 1 x 10°. At 2.0 rpm, the hydrodynamic
boundary-layer thickness is 0.252 cm, which is about one-tenth the radius
of the disc. The range of 2.0 to 150 rpm defines the region of laminar
flow in the vicinity of the disc sample.

The maximum flux of the components passing into solution during
a dissolution run was determined from the initial slope of the plot of con-
centration versus time, the mass of the liquid bath, and the area of the
disc sample. The maximum flux of iron into the bath in units of g Fe/

2 5 5
cm“-sec was determined from the relation,

g Fe ACp, (w/o) Bath wt (g) 1
Jm = 5 = . 7 = 5 (32)
cm“-sec At (hr) Disc area (cm?) 3.6 x 10

A least-squares analysis was applied to the dissolution data for
iron tabulated in Appendix B to obtain values of (ACpe w/0)/(At hr) for
ten of the dissolution runs. The results are given in Table IV, along with
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the values for the maximum flux of iron from 304 SS into the eutectic liquid.
In Fig. 9, the values for the flux of iron at 860°C are plotted as a function of
the square root of the angular velocity of the disc. Curves similar to the
one in Fig. 9 can also be obtained for chromium, nickel, and manganese.
Since iron was the largest contributor to the total mass flux in the dissolu-
tion experiments, the data can best be summarized by Fig. 9 and the total
mass flux for the components from 304 SS shown in Fig. 10.

TABLE IV. Slopes of the Initial Portion of the Concentration-vs-Time
Curves for Iron and the Maximum Flux of Iron, Jm(Fe), from 304 SS
into the Bismuth-Tin Eutectic Alloy with 60% Confidence Limits

Run Speed, Temp,

No. rpm °C Initial Slope, w/o Fe/hr Im(Fe), g Fe/crnz—sec
8 2.0 860 (0.91 £ 0.038) x 1072 (2.50 £ 0.10) x 107°
6 10.0 860 (2.38 £ 0.180) x 1072 (6.53 + 0.40) x 10°¢

9 &11 30.0 860 (3.32 + 0.868) x 1072 (9.15 + 2.40) x 107

13 50.0 860 (3.56 + 0.433) x 1072 (9.92 * 1.19) x 10-°
2 100.0 860 (3.62 +0.602) x 1072 (9.98 + 1.66) x 107°

10 150.0 860 (3.78 £ 0.330) x 10°2 (10.40 * 0.91) x 1078
7 10 750 (1.11 £ 0.281) x 1072 (3.05 + 0.77) x 10-°

17 10 1050 (3.36 £ 0.232) x 107" (5.56 + 0.38) x 1077

16 10 1100 (2.12 + 0.046) x 107} (3.50 + 0.08) x 107°
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Dissolution runs were made at 750, 860, 1050, and 1100°C at a
rotational speed of 10.0 rpm to investigate the temperature dependence of
the dissolution process. Temperatures above 860°C were investigated be-
cause the concentration of the elements in the liquid were below the limits
of detectability during the initial portion of the dissolution run at tempera-
tures below 750°C. The maximum flux of iron for the runs at 10.0 rpm
also appear in Table IV, and the values plotted versus reciprocal tempera-
ture are shown in Fig. 11. The activation energy of Jm(Fe) is 19,400 cal/
mole for the temperature range of 750 to 1100°C. The activation energy of
T (304 SS) determined from Fig. 12 is 18,800 cal/mole.

To
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L 10.0 rpm
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Fig. 11. The Temperature Dependence Fig. 12. The Temperature Dependence
of the Maximum Dissolution of the Maximum Dissolution
Flux of Iron at 10.0 rpm Fiux of 304 SS at 10.0 rpm
DISCUSSION

The experimental data obtained in this study can be analyzed in
terms of Equation (29) to gain insight into the mechanism of the dissolution
process. The mass flux in Equation (29) can be written in the following
form:

Tm = 0.554 Iy WD 2al2(C ¢ - Cp), (33)

since the second term in the expression defining the convective-diffusion
boundary layer is small, in comparison with the first. Equation (33) in-
dicates that flux will vary with the half-power of the angular velocity of
the disc for a liquid-diffusion-controlled process. Within the limits of the
experimental errors, the data in Figs. 9 and 10 agree with the velocity
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dependence predicted by the model for rotational speeds between 2 and

30 rpm. Above 50 rpm at 860°C, the maximum flux is no longer limited by
diffusional processes in the liquid phase but is now dependent upon the
mass-transfer rate at the solid-liquid interface.

The temperature dependence of Jp, can be obtained by substituting
the appropriate expressions for the temperature dependence of D, v, and
Cgat, into Equation (33). When the relations

D = Dg exp(-Qp/RT), ¥ = vy exp(+Q,/RT), and Cgpe, = Co exp(-AHgo1,/RT)

are inserted into Equation (33) with Cg = 0 (i.e., the solute concentration
of the bath was zero at the start of the dissolution runs), the result is

4Qp + Q. + 6AH
= =l 2/3,  -1/6 1/2 D) v soln
Tm = 0.554 I(p /) DS LEE) exp( e 2 (34)
The temperature dependence of the flux, Qy , is related to the overall heat

of solution of the solute in the liguid (AH oln)’ the activation energies for
the kinematic viscosity (Q,), and the solute diffusivity (Qp) by the relation

Q= 1(4Qp +Qy, + 6AH 1) (35)

All the quantities in Equation (35) are known with the exception of the
values of Qp for the four components (Fe, Cr, Ni, and Mn) in the bismuth-tin
eutectic alloy. A value of Qp can be determined for the diffusivity of iron

and for the "average" diffusivity of the four components by using the values
of QFe and Q304SS from Figs. 11 and 12 and the heats of solution foriron
Jm Jm
and 304 SS from Figs. 4 and 8. A value of Qy of 1,500 cal/rnole was ob-
tained from the data in Table III. The activation energy for the diffusivity
of iron in the bismuth-tin eutectic obtained from Equation (35) is 5,810 cal/
mole, and the average value for the four components in 304 SS is 1,490 cal/
mole. Measured activation energies for self and chemical diffusion in
liquid-metal systems have been found to range between 1,000 and 9,700 cal/
mole. "1 The fact that the value of Qp for iron lies within this range is
evidence for liquid-diffusion control of the dissolution process for the
rotational speed of 10 rpm and the temperature range above ~700°C.
Activation energies as high as 6,300 cal/mole have been reported for the
solution rate constant obtained from the Nernst-Brunner equation for the
copper-bismuth2 and zinc-bismuth® systems. Liquid-diffusion-controlled
dissolution was also postulated in the absence of experimental diffusion data.

A comparison of the values of Jp, calculated from Equation (33)
with experimental values obtained under conditions in which liquid-diffusion
control is operative (i.e., below 30 rpm at 860°C) provides the final test of
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the convective-diffusion model. When a D value for iron of 1 x 1@~ sz/sec
is assumed for 860°C, the value of Jm(Fe) at 10.0 rpm becomes 7.8 x il)=% g
Fe/cmz-sec as compared to an experimental value of 0.65 x 107 g Fe/
cm?-sec (Run 6). Using a D value of 1 x 10-* cmz/sec leads to an order-of-
magnitude difference between the predicted and observed dissolution fluxes.
For a D value of 1 x 107° cmz/sec, the calculated flux of iron is 1.83 x

1073 cmz/sec, or a factor of 2.8 greater than the experimental value.

Metallographic examination of the disc sample provides a qualitative
explanation for the observed rates. Figures 13b and 13c show the cross
section and the surface, respectively, of a disc sample at the conclusion of
an 860°C dissolution run. Considerable penetration of the eutectic alloy into
the 304 SS has occurred. Figure 13a shows that the penetration occurred
uniformly from both sides of the disc. The depth of penetration was found
to be independent of radial position on the disc. At temperatures of 750°C
and higher, the recession of the solid interface was small and the disc re-
tained its planar shape with no macroscopic surface roughening. The rotating
disc sample can be considered to be a uniformly accessible surface from the
standpoint of corrosion process at the higher temperatures.

Harrison and Wagner17 have shown that rapid penetration of a solid
by a liquid metal occurs when one component in an alloy is much more
soluble than the other. Penetration of the 304 SS by the bismuth-tin eutectic
alloy is not surprising since the solubility of nickel in the liquid (0.828 w/o
at 860°C) is much greater than the solubility of either iron (0.269 w/o at
860°C) or chromium (0.222 w/o at 860°C). Also, the nickel content of 304 SS
is less than 10% of the total constituents.

One result of liquid penetration into the disc sample is to decrease
the effective area of solid in contact with the liquid at the plane of the solid-
liquid interface. In addition, the material leaving the disc from the pene-
trated regions must diffuse through an additional path in the liquid before
reaching the diffusion boundary layer at the surface of the disc. Both the
reduction in surface area of the solid at the interface and the added dif-

fusional length due to liquid penetration will decrease the mass flux from
the sample.

The surface area of the disc may have been reduced by a factor of
two or three from a comparison of the relative areas of the eutectic alloy
and the 304 SS in Fig. 13c. The added diffusion length through the liquid
cannot be estimated since the liquid did not penetrate perpendicular to the
surface of the disc. The actual diffusion paths are longer than their pro-
jections shown in Fig. 13b. It would be difficult to relate these two effects
quantitatively to the observed magnitude of the dissolution fluxes.

At temperatures of 650°C and lower, the dissolution process appears
to be surface-reaction controlled. Only random areas of the disc sample
were corroded. The mass flux of iron was independent of velocity at 650°C
for rotational speeds of 10.0 and 100 rpm.
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(a) Cross Section of the Disc Sample
along a Diameter

41541 2X

41543 500X

41542 500X

(b) Cross Section near the Liquid-Solid Interface (c) Disc Surface

Micrographs of the Cross Section and Surface of a Disc Sample at the Conclusion of a 150-hr
Dissolution Run at 860°C. The region along the midplane of the disc is the unaffected ma-
terial, The islands in b and c are "304 SS," the matrix is the bismuth-tin eutectic alloy.

Fig. 18.
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SUMMARY AND CONCLUSIONS

The kinetics of dissolution of 304 SS in the Bi—42w/oSn eutectic
alloy have been investigated under specified conditions of temperature and
rotational speed for a system incorporating a rotating-disc-sample geometry,
A mathematical description of the hydrodynamic conditions for the rotating-
disc system was used in obtaining a solution to the convective-diffusion
equation for mass transport. The experimental data were interpreted in
terms of the convective-diffusion model.

The temperature and velocity dependence of the dissolution flux were
consistent with a liquid-diffusion-controlled process for specific hydro-
dynamic conditions. A transition between diffusion control and reaction con-
trol was noted at 860°C by varying the rotation speed of the disc. The
transition occurred when the temperature was decreased from 750 to 650°C
at a rotational speed of 10.0 rpm.

Quantitative agreement was not attained between the magnitude of the
mass flux obtained from the diffusion model and the experimental values.
The effects of liquid penetration into the disc sample may account for the
difference between the experimental and calculated diffusional fluxes. This
point is under investigation in a two-component (liquid-solid) system where
liquid penetration into the disc is unlikely. Solute diffusivity measurements
in the liquid will also be made to provide a quantitative correlation for both
the temperature dependence and the magnitude of the mass flux.

The use of 304 SS as a containment material for the low-melting,
bismuth-tin eutectic alloy is not recommended at temperatures above 500°C.
Since liquid penetration does not occur uniformly at the lower temperatures,
average corrosion rates and equilibrium solubility data are not sufficient
for specifying a minimum wall thickness for a containment vessel. At
higher temperatures, the penetration of 304 SS by the eutectic alloy would
result in a rapid weakening of structural parts.



APPENDIX A

Chemical Analysis for the 304 SS Sample Material

Runs 1-6, Runs 7-13,
Element w/o w/o
Fe 70.10 70.10
Cr 18.13 18.25
Ni 9.72 S
Mn 1729 2.24
C 0.04 0.04

Runs 14-17,
w/0
70.44
18.65

9.03
1.80
0.07
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APPENDIX B

Chemical-analysis Data for the Dissolution Runs

Run No. 1
T = 200°C Weight of Bi-Sn  Weight of 304 SS Disc Diam of Disc
150 rpm Bath = 4680 g = 48.1472 g = 5.08 cm
Time, Bi-Sn Bath Composition Gy, *
hr w/o Fe w/o Cr w/o Ni w/o Mn w/o0 304 SS
0 <0.005 <0.005 <0.001 <0.0005 ~0
0.25 <0.005 <0.005 <0.001 <0.0005 ~0
0.50 <0.005 <0.005 <0.001 <0.0005 ~0
1.00 <0.005 <0.005 <0.001 <0.0005 ~0
1561 <0.005 <0.005 <0.001 <0.0005 =0
2250 <0.005 <0.005 <0.001 <0.0005 ~0
3855 <0.005 <0.005 <0.001 <0.0005 =0
18.3 <0.005 <0.005 <0.001 <0.0005 =0
210 <0.005 <0.005 <0.001 <0.0005 ~0
25.0 <0.005 <0.005 <0.001 <0.0005 =0
Run No. 2
T = 860°C Weight of Bi-Sn Weight of 304 SS Disc Diam of Disc
100 rpm Bath = 4496 g = 47.2804 ¢ = 5.08 cm
i, Bi-Sn Bath Composition 3Gy, *
hr w/o Fe w/o Cr w/o Ni w/o Mn W/O 304 SS
0 <0.005 <0.005 <0.005 <0.0005 =(1)
0.66 0.034 0.012 0.008 0.0005 0.0545
150 0.051 0.019 0.013 0.0015 0.0845
2.0 0.082 0.026 0.015 0.002 0.125
3.0 0.092 0.023 0.015 0.003 0.133
4.0 0.170 0.057 0.033 0.004 0.264
5.0 0.170 0.058 0.034 0.003 0.265
6.0 0.160 0.050 0.035 0.004 0.249
22.0 0.320 0.120 0.073 0.010 05523
26.0 0.300 0.120 0.080 0.010 0510
30.0 0.290 0.130 0.086 0.010 0.516
75.0 0.240 0.160 0.110 0.015 02525
94.0 0.260 0.160 0.110 0.014 0.544
100.0 0.230 0.170 0.120 0.015 0.535

*3Ci = sum of the concentrations of the four components of Type 304
stainless steel in the bismuth-tin bath.



Run No. 3
T = 650°C Weight of Bi-Sn Weight of 304 SS Disc Diam of Disc

100 rpm Bath = 4498 g = 47.8185 g = 5.08 cm
Time, Bi-Sn Bath Composition Gy, *
hr w/o Fe w/o Cr w/o Ni w/o Mn w/o 304 SS
0.5 <0.003 <0.0005 <0.0005 <0.0005 ~0
1.0 <0.003 <0.0005 <0.0005 <0.0005 0
155 <0.003 <0.0005 <0.0005 <0.0005 0
2.0 <0.003 <0.0005 <0.0005 <0.0005 0
2.5 0.0049 <0.0005 <0.0005 <0.0005 0.0049
S5 0.0060 <0.0005 <0.0005 <0.0005 0.0060
4.0 0.0085 0.0008 0.0007 <0.0005 0.0100
5.0 0.0087 0.0015 0.0010 <0.0005 0.0112
8.0 0.0142 0.0026 0.0016 <0.0005 0.0184
9.0 0.0168 0.0039 0.0023 <0.0005 0.0230
10.0 0.020 0.0060 0.0028 0.0006 0.0294
235 0.046 0.0140 0.0070 0.0010 0.0680
28.0 0.052 0.0137 0.0087 0.0013 0.0757
32.0 0.058 0.0149 0.0090 0.0013 0.0832
47.5 0.058 0.0168 0.0110 0.0013 0.0871
50.0 0.074 0.0190 0.0115 0.0011 010155
Run No. 4
T = 450°C Weight of Bi-Sn Weight of 304 SS Disc Diam of Disc
100 rpm Bath = 4502 g = 47.3877 g = 5.08 cm
Mirne: Bi-Sn Bath Composition 5G;, %
hr w/o Fe w/o Cr w/o Ni w/o Mn w/o 304 SS
0.5 <0.0005 <0.0005 <0.0005 <0.0005 ~0
1.0 <0.0005 <0.0005 <0.0005 <0.0005 =0
250 <0.0005 <0.0005 <0.0005 <0.0005 ~0
3.0 <0.0005 <0.0005 <0.0005 <0.0005 ~0
5.0 <0.0005 <0.0005 <0.0005 <0.0005 =0
6.0 <0.0005 <0.0005 <0.0005 <0.0005 =0
7.0 <0.0005 <0.0005 <0.0005 <0.0005 ~0
8.0 <0.0005 <0.0005 <0.0005 <0.0005 =0
9.0 0.0039 <0.0005 <0.0005 <0.0005 0.0039
24:5 0.0068 0.0011 0.0008 <0.0005 0.0087
29.0 0.0076 0.0013 0.0009 <0.0005 0.0098
33.0 0.0106 0.0013 0.0010 <0.0005 0.0129
50.0 0.0093 0.0015 0.0012 <0.0005 0.0120

*5C; = sum of the concentrations of the four components of Type 304
stainless steel in the bismuth-tin bath.



Run No. 5
T = $50°C Weight of Bi-Sn Weight of 304 SS Disc Diam of Disc

10.0 rpm Bath = 4502 g = 47.3877 g = 5.08 cm
Time, Bi-Sn Bath Composition 5C;, *
hr w/o Fe w/o Cr w/o Ni w/o Mn w/o 304 SS
025 <0.003 <0.0005 <0.0005 <0.0005 ~0
1.0 <0.003 <0.0005 <0.0005 <0.0005 &0
J55 <0.003 <0.0005 <0.0005 <0.0005 +(0)
2.0 <0.003 <0.0005 <0.0005 <0.0005 20
3.0 <0.003 <0.0005 <0.0005 <0.0005 ~0
4.0 <0.003 <0.0005 <0.0005 <0.0005 ~0
520 <0.003 <0.0005 <0.0005 <0.0005 ~0
6.0 0.0053 0.0018 0.0010 <0.0005 0.0081
7.0 0.0042 0.0011 0.0010 <0.0005 0.0063
8.0 0.0042 0.0015 0.0008 <0.0005 0.0065
9.0 0.0058 0.0016 0.0015 0.0006 0.0095
24.0 0.0340 0.0102 0.0057 0.0011 0.0510
28.5 0.0324 0.0100 0.0050 0.0012 0.0486
3225 0.0358 0.0100 0.0060 0.0010 0.0528
48.0 0.0560 0.0136 0.0082 0.0014 0.0692
11720 0.0600 0.0184 0.0098 0.0017 0.0899
80.0 0.0680 0.0200 0.0104 0.0017 0.0901
Run No. 6
T = 860°C Weight of Bi-Sn Weight of 304 SS Disc Diam of Disc
10.0 rpm Bath = 4476 g = 47.4068 g = 5.08 cm
Theae: Bi-Sn Bath Composition Sy, *
hr w/o Fe w/o Cr w/o Ni w/0 Mn w/o 304 SS
0.5 0.0137 0.0053 0.0029 <0.0005 0.0190
1.0 0.0290 0.0110 0.0057 0.0011 0.0468
2.0 0.0560 0.0195 0.0123 0.0017 0.0895
3.0 0.0900 0.0248 0.0164 0.0024 015 8l
4.0 0.1420 0.0346 0.0228 0.0031 D20 25
5.0 0.1360 0.0392 050272 0.0046 0.2070
6.0 0.1640 0.0520 0.0304 0.0046 0.2510
7.0 0.1640 0.0508 0.0324 0.0052 0.2524
8.0 0.1920 0.0600 0.0368 0.0055 0.2943
950 0.196 0.0692 0.0376 0.0048 0.3076
10.0 Or2172 0.0692 0.0368 0.0049 083229
*3C; = sum of the concentrations of the four components of Type 304

stainless steel in the bismuth-tin bath.



Run No. 6 (Contd.)

Bi-Sn Bath Composition

Time, 2Cj, *
hr w/o Fe w/o Cr w/o Ni w/o Mn w/o 304 SS
24.0 0.305 0.110 0.0615 0.0073 0.4838
28.0 0.233 0.082 0.062 0.0082 0.3852
48.0 0.233 0.085 0.074 0.0094 0.4014
52.0 0.215 0.105 0.084 0.0108 0.4148
56.0 0227 0.096 0.073 0.0104 0.4064
72.0 0.195 0.106 0.091 0.0130 0.4050

100.0 0.258 0.139 0.101 0.0136 0.5116

Run No. 7
T = 750°C Weight of Bi-Sn Weight of 304 SS Disc Diam of Disc
10.0 rpm Bath = 4483 g = 45.8062 g = 5.08 cm
i, Bi-Sn Bath Composition o
hr w/o Fe w/o Cr w/o Ni w/o Mn w/o 304 SS
0.5 <0.003 <0.0005 <0.0005 <0.0005 ~0
1.0 <0.003 <0.0005 <0.0005 <0.0005 ~0
2.0 <0.003 <0.0005 <0.0005 <0.0005 ~0
3.0 0.0031 0.0014 0.0013 <0.0005 0.0058
4.5 0.0077 0.0031 0.0020 <0.0005 0.0128
7.0 0.0485 0.0134 0.0095 0.0012 0.0726
8.0 0.0550 0.0160 0.0114 0.0018 0.0842
10.0 0.0990 0.0335 0.0195 0.0027 0.1547
24.25 0.1340 0.0555 0.0375 0.0043 0.2313
32.5 0.1075 0.0450 0.0345 0.0049 0.1919
48.0 0.1320 0.0570 0.0465 0.0076 0.2431
52.5 0.1500 0.0670 0.0585 0.0083 0.2838
100.0 0.1530 0.0910 0.0780 0.0128 0.3348
150.0 0.1460 0.0830 0.0905 0.0135 0.3330

*5,C; = sum of the concentrations of the four components of Type 304
stainless steel in the bismuth-tin bath
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Run No. 8
T = 860°C Weight of Bi-Sn Weight of 304 SS Disc Diam of Disc

2.0 rpm Bath = 4463 g = 46.7888 ¢ =508 crm
Time, Bi-Sn Bath Composition 5Ci, ¥
hi w/o Fe w/o Cr w/o Ni w/0 Mn w/o 304 SS
0=5 0.0083 0.0035 0.0026 <0.0005 00144
1.0 00132 0.0041 0.0034 0.0005 (00072117
2.0 0.0301 0.0126 0.0075 0.0008 0.0510
3.5 0.0450 0.0164 0.0088 0.0013 0.0715
5.0 G- @il 0.0142 0.0092 0.0012 0.0756
6.0 0.053 0.0161 0.0100 0.0014 0.0805
7.0 0.069 0.0286 050252 0.0034 0.1262
8.0 0.067 0.0286 0.0176 0.0024 0.1156
S10] 0.068 0.0338 0.0190 0.0027 01235
10.0 0.106 0.0480 0.0224 0.0032 0.1796
24.0 0.226 0.086 0.0550 0.0076 0.3746
35.0 0.264 0,095 0.0610 0.0085 0.4485
48.0 0.240 0.110 0.0805 0.0129 0.4434
72.0 0.350 (0} 3L L7/ 0.0840 0.0096 0.5606
120780 0.274 0.114 0.112 0.0143 0.5143
150.0 0.276 08126 0.102 0.0136 0.5176

Run Nos. 9 and 11 Combined Data
T = 860°C Weight of Bi-Sn Weight of 304 SSDiscs Diam ofDiscs

30.0 rpm Bath = 4500and = 46.8741 g (9) and = 5.08 cm
4502 g 45.6558 g (11)

Tt Bi-Sn Bath Composition SCy*
hr w/o Fe w/o Cr w/o Ni w/0 Mn w/o 304 SS
0.5 <0.005 <0.001 <0.001 <0.0005 =0
120 <0.005 <0.001 <0.001 <0.0005 =0
240 <0.005 <0.001 <0.001 <0.0005 =0
3.0 0.0190 0.0057 0.0031 0.0005 0.0283
4.5 0.0555 0.0165 0.0100 0.0014 0.0834
5.0 0.0560 0.0184 0.0088 0.0017 0.0849
6.0 0120 0.0324 0.0189 0.0023 0.1656
6.0 0.1160 0.0356 0.0276 0.0042 0.1834
7.0 0.1720 0.0490 0.0258 0.0037 082505
8.0 0.2040 0.0452 0.0302 0.0045 0.2859
10.0 0.2850 0.0765 0.0375 0.0060 0.4050

*ZC; = sum of the concentrations of the four components from Type 304

stainless steel in the bismuth-tin bath



Run Nos..9 and 11 Combined Data (Contd.)

Bi-Sn Bath Composition

Time, ZCi,*
hr w/o Fe w/o Cr w/o Ni w/o Mn w/o 304 SS
10.0 0.2040 0.0740 0.0500 0.0063 0.3343
24.0 0.2765 0.0945 0.0585 0.0084 0.4379
25.0 0.2580 0.1100 0.0705 0.0082 0.4467

150.0 0.2650 0.1330 0.1110 0.0169 0.5259

Run No. 10
T = 860°C Weight of Bi-Sn Weight of 304 SS Disc Diam of Disc
150 rpm Bath = 4501 g = 45.4446 g = 5.08 cm
Pt Bi-Sn Bath Composition ZCi,*
hr w/o Fe w/o Cr w/o Ni w/o Mn w/o 304 SS
0.5 0.0275 0.0080 0.0047 0.0004 0.0406
1.0 0.0640 0.0160 0.0109 0.0010 0.0919
2.0 0.1100 0.0282 0.0203 0.0019 0.1604
4.0 QE1500 0.0635 0.0360 0.0045 0.2630
5.0 0.2140 0.0635 0.0394 0.0046 0.3215
6.0 0.2290 0.0635 0.0446 0.0061 0.3432
8.0 0.2450 0.0795 0.0550 0.0069 0.3864
10.0 0.2500 0.0850 0.0640 0.0078 0.4068
24.0 0.3130 0.1260 0.0900 0.0119 0.5409
30.0 0.290 0.1160 0.0920 0.0125 0.5105
56.0 0.290 0.1250 0.0910 0.0119 0.5079
72.0 0.315 0.1350 0.1200 0.0150 0.5850
100.0 0.320 0.1380 0.1180 0.0170 0.5930
Run No. 12
T = 860°C Weight of Bi-Sn Weight of 304 SS Disc Diam of Disc
20.0 rpm Bath = 4503 g = 47.1795 g = 5.08 cm

Samples were not submitted for chemical analysis because of prob-
lems encountered with disc rotation during the run.

*3C; = sum of the concentrations of the four components of Type 304
stainless steel in the bismuth-tin bath.



Run No. 13
T = 860°C Weight of Bi-Sn Weight of 304 SS Disc Diam of Disc

50.0 rpm Bath = 4500 g = 46.7014 g = 5.08 cm
e Bi-Sn Bath Composition e
hr w/o Eie w/o Cr w/o Ni w/o Mn w/o 304 SS
0%5 <0.001 <0.001 <0.001 <0.0005 &0
1.0 <0.001 <0.001 <0.001 <0.0005 ~0
2.5 <0.001 0.0042 0.0026 <0.0005 0.0068
3.0 0.0475 0.0111 0.0071 0.0009 0.0066
4.0 0.0770 0.0191 0.0109 0.0013 0.1083
4.5 0.0740 0.0202 0.0143 0.0019 0.1104
5iE5 0.0970 0.0244 0.0161 0.0022 0,187/
6.0 0.1270 0.0382 0.0295 0.0023 0.1970
8.0 0.1480 0.0416 0.0344 0.0041 0.2281
10.0 0. 2775 0.0510 050393 0.0048 0L 2726
24.0 0.2708 0.0785 0.0733 0.0074 0.4300
30.0 0.2558 0.0798 00475 0.0089 0.4170
32.0 0.2763 0.0920 0.0713 0.0086 0.4482
50.0 0.2553 0.0905 0.0880 0.0109 0.4447
Run No. 14

T = 860°C Weight of Bi-Sn Weight of 304 SS Disc Diam of Disc
30.0 rpm Bath = 3349 g = 48.3714 ¢ = 5.08 cm

Samples were not submitted for chemical analysis because of prob-
lems encountered with disc rotation during the run.

Run No. 15**
T = 860°C Weight of Bi-Sn Weight of 304 SS Disc Diam of Disc

30.0 rpm Bath = 4503 g = 47.1795 g = 5.08 cm
e Bi-Sn Bath Composition SCy, *
hr w/o Fe w/o Cr w/o Ni w/o Mn w/o0 304 SS
1.0 0.2975 0.0850 0.0800 0.0059 0.4684
20 0.2390 0.0635 0.0740 0.0045 0.3710
4.5 0.3090 0.0900 0.0810 0.0066 0.4866
*¥ZCj = sum of the concentrations of the four components from Type 304

stainless steel in the bismuth-tin bath.

**The disc was lowered into the bath at a temperature of 300°C.
Ten hours later, the system reached 860°C and was at temperature
for 3.5 hr prior to setting the rotational speed to 30 rpm.



Run No. 15** (Contd.)

Bi-Sn Bath Composition

Time, T
hr w/o Fe w/o Cr w/oNi  wf/oMn  w/o3048S
(), 7155 0.2675 0.0815 0.0825 0.0042 0.4357
9.0 0.2975 0.0885 0.0810 0.0059 0.4729

30.0 0.4050 0.1350 051225 0.0116 0.6741
79.0 0.3730 0.1500 0.1330 0.0162 0.6722
Run No. 16
T = 1100°C Weightof Bi-Sn Weight of 304 SS Disc Diam of Disc
10.0 rpm Bath = 2700 g = 48.0533 g = 5.08 cm

Tasde, Bi-Sn Bath Composition Gy, *

hr w/o e w/o Cr w/o Ni w/o Mn w/o 304 SS
0.0 0.060 0.0192 0.0315 0.0011 0.1118
0325 0.2285 0.0820 0.0700 0.0049 0.3854
0.50 0.2925 0.0955 0.0805 0.0073 0.4758
1.0 0.4165 0.1425 0.1105 0.0116 0.6711
2.0 0.6640 0.1960 0.1420 0.0140 1.0160
80 0.8500 0.2360 0.1730 0.0178 1.2768
3.5 0.8700 0.2620 0.1860 0.0213 1.3393
4.0 1.0400 0.2740 0.1860 0.0214 1.5214
6.0 0.9150 0.2960 0.1800 0.0257 1.4167

Run No. 17

T = 1050°C WeightofBi-Sn Weightof 304 SS Disc Diam of Disc

10.0 rpm Bath = 2700 g = 47.7780 g = 5.08 cm

e Bi-Sn Bath Composition G, *
hr w/o Fe w/o Cr w/o Ni w/o Mn w/o 304 SS
0.0 <0.0005 <0.0005 <0.0005 <0.0005 ~0
0.25 0.0670 0.0210 0.0098 0.0014 0.0992
0.75 0.2185 0.0675 0.0390 0.0063 0.3313

*5C; = sum of the concentrations of the four components from Type 304

stainless steel in the bismuth-tin bath.

**The disc was lowered into the bath at a temperature of 300°C.
Ten hours later, the system reached 860°C and was at temperature
for 3.5 hr prior to setting the rotational speed to 30 rpm.



Run No. 17 (Contd.)

Time Bi-Sn Bath Composition 5Cy, *
hr w/o Fe w/o Cr w/o Ni w/o Mn w/o 304 SS
1.00 0.3700 0.1035 0.0620 0.0146 0.5501
1.50 0:.555 0.1585 0.0720 0.0116 0.7971
2.0 0625 0.1850 0.0940 0.0120 0.9160
285 0.640 0.2010 0.0845 0.0125 0.9380
850 0.688 0.2180 0.1100 0.0152 1= 022
305 0.710 0.2320 0.1080 0.0162 1.0662
4.0 0.810 0.2670 0.1285 0.0160 1522115
4.5 0.720 0.2560 0.1080 0.0144 1.0884
5.0 0.780 0.2740 01855 0.0081 1.1976
6.0 0.790 0.2590 0.1260 0.0100 11850
70 0433 0.2540 0r 1550 0.0105 IN1825

24.0 0.816 0.2740 0.1500 0.0100 1.2500
31.0 0.890 0.3270 0.1690 0.0111 1.3971
5.5 0.850 0.2970 0.1650 0.0100 1.3220

*2Ci = sum of the concentrations of the four components from Type 304

stainless steel in the bismuth-tin bath.



APPENDIX C

Equilibrium-solubility Data for 304 SS in the Bi-42w/oSn

Eutectic Alloy

Bath Composition

Temp, Equilibration
£E w/o Fe w/o Cr w/o Ni w/o Mn Time, hr
450 < 0.005 0.0058 0.0060 < 0.0005 ~426

< 0.005 0.0044 0.0058 < 0.0005
< 0.005 0.0051 0.0055 < 0.0005
650 0.0587 0.0572 0.1425 0.0147 ~500
0.0475 0.0610 0.1040 0.0129
0.0727 0.0595 0.1084 0.0125
860 0.2735 0.2050 0.7740 0.0772 ~500
0.2290 0.2180 0.7520 0.0892
0.2700 0.2650 0.8890 0.0932
985 0.6080 0.3870 * * ~190
0.4700 0.4090
0.5125 0.3880
1050 0.8110%% ~55
1100 0.9350%%* 6

*Saturation with respect to nickel and manganese may not have been

attained.

**Values from the dissolution curves for iron in Runs 16 and 17.
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